Components of the cAMP (cyclic AMP) signalling cascades are conserved from fungi to humans, and are particularly important for fungal dimorphism and pathogenicity. Previous work has described two phosphodiesterases, UmPde1 and UmPde2, in Ustilago maydis which show strong phosphodiesterase activity. We further characterized the biological function(s) of these phosphodiesterases in U. maydis. Specifically, we examined their possible role(s) in regulation of the cAMP-dependent protein kinase A (PKA) pathway and their roles in filamentous growth and pathogenicity. We found that UmPde1, which shares 35 % similarity with Cryptococcus neoformans Pde1, also displays functional homology with this enzyme. UmPde1 complements the capsule-formation defect of C. neoformans strains deleted for Pde1. In U. maydis, the cell morphology of the umpde1 deletion mutant resembled the multiple budding phenotypes seen with the ubc1 mutant, which lacks the regulatory subunit of PKA. Interestingly, on low-ammonium medium, umpde2 deletion strains showed a reduction in filamentation that was comparable to that of ubc1 deletion strains; however, umpde1 deletion strains showed normal filamentation on lowammonium medium. Furthermore, both the ubc1 deletion strain in which the PKA pathway was constitutively active and the umpde1 deletion strains were significantly reduced in pathogenicity, while the umpde2 deletion strains showed a trend for reduced pathogenicity compared with wildtype strains. These data support a role for the phosphodiesterases UmPde1 and UmPde2 in regulating the U. maydis cAMP-dependent PKA pathway through modulation of cAMP levels, thus affecting dimorphic growth and pathogenicity.
INTRODUCTION
Signalling pathways are important for interactions between diverse organisms. These cascades mediate responses by communicating different environmental cues to the nuclei and thus function to change the transcriptome of the organism. The fact that several components of signalling cascades are conserved from fungi to humans, despite divergence over 800 million years ago (Lengeler et al., 2000) , indicates a high degree of conservation in the signalling pathway components and reflects the fundamental importance of signalling cascades.
For fungal systems, mitogen activated protein kinase (MAPK) and cyclic AMP-dependent protein kinase A (cAMP-PKA) signalling cascades are known to regulate the dimorphic switch from budding to filamentous growth (García-Pedrajas et al., 2008a) . In several well-studied fungal examples, the highly conserved cAMP-PKA signalling pathway has been found to function in parallel with the MAPK pathway, and is important for pseudohyphal growth, virulence factor production, asexual and sexual spore production, mating, mycotoxin production, pathogenicity and many other processes (Hicks et al., 1997; Pan and Heitman, 1999; Hicks et al., 2005; Klosterman et al., 2007; Ramanujam & Naqvi, 2010) .
The effect of cyclic AMP (cAMP) in eukaryotes, including fungi, can be transmitted via action of the cAMPdependent protein kinase A (PKA) signalling pathway. Consequently, levels of cAMP play an important role in regulation of PKA-mediated responses. In this regard, adenylate cyclase is responsible for the production of cAMP from ATP, while phosphodiesterases (PDEs) are responsible for hydrolysis of cAMP into 59-AMP. Thus, these two enzymes act in opposition to rapidly alter the level of cAMP pools and thus affect the duration of cAMP signalling (Conti & Beavo, 2007) . Such regulation plays a role in a wide array of cellular and developmental processes. In yeasts, such as Saccharomyces cerevisiae and Schizosaccharomyces pombe, cAMP signalling regulates the In many fungi, intracellular levels of cAMP are modulated by the combined activity of multiple PDEs, which control turnover. In S. cerevisiae, low and high affinity PDEs, Pde1 and Pde2, respectively, are structurally distinct and do not share significant sequence similarity. Pde2 regulates basal cAMP levels and Pde1 controls transient increases in cAMP levels, such as those induced by glucose addition or intracellular acidification (Wera et al., 1997; Ma et al., 1999; Park et al., 2005) . Similarly, in Schizosaccharomyces pombe, the fission yeast, Pde1 regulates cAMP levels raised via stimulation by glucose. In C. albicans, deletion mutants of Pde2 are defective in cell wall and membrane integrity. Moreover, the PDEs decrease basal cAMP levels and are targets for antifungal drugs (Bahn et al., 2003; Jung et al., 2005) . These PDE mutants are also avirulent in a systemic model of candidiasis (Bahn et al., 2003) . In contrast to the examples above, in Cryptococcus neoformans, Pde1 has a dominant role in controlling basal cAMP levels and Pde2 deletion leads to only subtle phenotypic defects. Pde1 activity is also found to be regulated via PKA phosphorylation (Hicks et al., 2005) . Thus, PDEs work in regulating the cAMP signalling in several fungi and are intimately associated with the pathway(s) that they, in turn, regulate.
The cAMP-dependent signalling cascade has also been studied in the phytopathogen Ustilago maydis. A basidiomycete, U. maydis is the causal agent of smut disease of maize. The ability to switch from a yeast-like budding form to a filamentous form is a prerequisite for pathogenicity and plays an important role in survival and proliferation of this fungus. Virulence of this fungus also depends on pheromone production and mating. Mating is dependent on both the a and the b mating-type loci (Klosterman et al., 2007; García-Pedrajas et al., 2008a; Wahl et al., 2010) . The a locus controls cell-cell recognition, encoding pheromone and receptor; the b locus encodes components of a heterodimeric transcription factor that controls filamentous dikaryon formation and the programme for pathogenic development (Klosterman et al., 2007; García-Pedrajas et al., 2008a; Wahl et al., 2010) . Once a suitable host plant is infected, U. maydis grows filamentously inside the plant and produces galls. Additionally, the cAMP-dependent PKA pathway functions in controlling the production of hyphae in response to environmental cues such as lipids, air exposure, acidic pH and low-ammonium conditions.
Two genes encoding PDEs in U. maydis, umpde1 and umpde2, have been reported (Agarwal et al., 2010) . Both enzymes show strong PDE activity. UmPde1 contains a predicted membrane-spanning domain and has been found to be specific for cAMP, while UmPde2 can hydrolyse both cAMP and cGMP. UmPde2, in addition to its activity as a PDE, is also an AMP/GMP phosphatase. Both enzymes have been found to be resistant to the PDE inhibitor isobutyl-1-methylxanthine (IBMX), and are proposed to be regulated via PKA by phosphorylation. Moreover, diploid cells deleted for one copy of umpde1 display halpoinsuffiency, in that they produce fewer aerial hyphae on charcoal agar and show reduced virulence on maize (Pham et al., 2012) .
In the present report, we further characterized the physiological roles of these genes on U. maydis growth and virulence. The umpde1 deletion mutants are characterized by multiple budding growth on rich medium, while deletion mutants of umpde1 or umpde2 display decreased pathogenicity and mating response on charcoal plates. These results add strength to the hypothesis that the PKA pathway is a key determinant in virulence and affects dimorphic transition in U. maydis.
METHODS
Strains and growth conditions. U. maydis strains used in this study are listed in Table 1 . Escherichia coli strains DH5a (Bethesda Research Laboratories) and TOP10 (Invitrogen), were used for all cloning and plasmid manipulations. Cryptococcus neoformans strains KN99a (WT), JKH173 (Dgpa1Dpde1) and YSB83 (Dgpa1), obtained from J. Heitman, Duke University, and yeast strain J106 (Dpde1Dpde2), obtained from J. Thevelein, Katholieke Universiteit, Belgium, were used for complementation experiments in Cryptococcus neoformans and S. cerevisiae, respectively.
U. maydis cells were grown at 25 uC in YPS and/or SLAD (synthetic low-ammonium medium; contains 50 mM ammonium as ammonium sulfate) as described previously (Smith et al., 2003) . Solid media were made with 2 % agar, and 1 % activated charcoal was added to enhance contrast of mating assays (Gold et al., 1997) . E. coli cells were grown in LB medium supplemented with appropriate antibiotics (50 mg kanamycin ml 21 or 200 mg ampicillin ml 21 ).
For Cryptococcus neoformans and S. cerevisiae complementation, cells were grown on YPD medium supplemented with G418 (200 mg ml 21 ). For complementation assays in S. cerevisiae, yeast cells were plated onto YP medium containing galactose (inducer of the P GAL1 promoter).
Primer design. Primers (Table 2) were designed using Primer3 software (Rozen & Skaletsky, 2000 ; http://frodo.wi.mit.edu/primer3/). Primers were synthesized by Eurofins MWG Operon.
PCR. PCRs utilized a PTC100 thermal controller (MJ Research) or a DNA Engine thermal cycler (Bio-Rad Laboratories). PCR cycle conditions utilized an initial denaturation temperature of 94 uC for 4 min, followed by 34 cycles of a three-step process with a denaturation at 94 uC for 30 s, annealing at a temperature range of 55 to 64 uC, and then extension at 72 uC for 1 min per 1 kb of nucleotides. A final extension at 72 uC for 10 min was used to end the reaction. For most of the PCRs, Ex-Taq Hot Start DNA polymerase (Takara) or Apex DNA polymerase (Genesee Scientific) was used. For high-fidelity reactions, Phusion DNA polymerase (Finnzymes) was used.
Genetic manipulations and vector construction. Genetic manipulations in U. maydis were carried out using homologous recombination by the DelsGate protocol as described previously (García-Pedrajas et al., 2008b) , using primers (Table 2) designated 02531 or 10895 D1-D4, respectively, to amplify the flanks of umpde1or umpde2. Alternatively, the Sfi1-based deletion method (Brachmann et al., 2004) was used with vector pMF-1h to generate a disruption construct for umpde1. Transformants with the desired replacements were identified and confirmed by PCR and/or Southern blot hybridization experiments.
Complementation in Cryptococcus neoformans. Full-length U. maydis umpde1 and umpde2 genes were amplified by PCR using the primers Cneo-pde1-A and Cneo-pde1-B, and Cneo-pde2-A and Cneo-pde2-B (Table 2 ). Each PCR product was cloned into the pCR 2.1 TOPO-TA vector (Invitrogen) and subcloned into the Cryptococcus neoformans expression vector pXL1-new, using the Pac1 and Fse1 restriction sites. The Cryptococcus neoformans JKH173 strain, lacking the endogenous PDE1 gene and GPA1 gene (Hicks et al., 2005) , was transformed with the empty vector or the vector carrying either the umpde1 gene or the umpde2 gene, using a biolistic apparatus (Toffaletti et al., 1993) . Transformants were selected on YPD plates containing G418 (200 mg ml
21
) at 30 uC. To assess capsule formation, each strain was inoculated onto a plate of Dulbecco's Modified Eagle's Medium (DMEM) and grown at 37 uC for 2 days (Granger et al., 1985) . Aliquots of all cultures were stained with India ink and viewed with a 6100 oil objective. Expression of introduced heterologous U. maydis genes was confirmed using RT-PCR.
Complementation of yeast pde mutants. The full-length umpde1 and umpde2 genes were each amplified and cloned into the pYES2.1/ V5-His-TOPO expression system (Invitrogen). A fragment containing the promoter P GAL1 and gene was excised using restriction endonucleases BamHI and SpeI, purified, then ligated into vector pLEJ009 cut with the same enzymes to generate an overexpression construct. The construct was used for transformation of the J106 strain by the lithium acetate procedure (Gietz & Schiestl, 1991) . For complementation assays, selected transformants were grown in YP medium supplemented with galactose and G418. Cells were grown to an OD 600 of 2-2.5 and then diluted down to an OD 600 of 2 to standardize all cultures. Cells were spot-plated at different dilutions after treatment at 55 uC for 10, 20 and 30 min. Plates were then observed for growth after 48 h at 30 uC (Nikawa et al., 1987) . Control samples were not treated at 55 uC.
Mating and plant infection. U. maydis cells were grown in liquid media overnight at 25 uC, and were then reinoculated into fresh media in the morning and were grown to exponential growth phase. Cells were recovered at room temperature by centrifugation at maximum speed in a table-top centrifuge for 1 min and resuspended to an OD 600 of 1. Equal volumes of opposite mating types were then mixed and spot-plated onto charcoal plates then incubated at 25 uC. Mating efficiency was measured in terms of intensity of white 'fuzz' for each spot. Average intensity of each spot was measured using MetaMorph imaging software (MDS Analytical Technologies).
Plant infections were achieved using 8-10 days old Golden Bantam maize seedlings (Bunton Seed Co. and W. Atlee Burpee & Co.), grown in a Conviron model E15 growth chamber. Light was provided by a combination of fluorescent and incandescent light at 350 mmol m 22 s
. Relative humidity was maintained between 65 and 75 %. Plants were infected with 0.1 ml of culture containing 10 8 cells of pre-mixed opposite mating types (Gold et al., 1997) . Symptoms were recorded 21 days postinfection (p.i.) and were scored as described earlier (Gold et al., 1997) . Briefly, ratings were given on a scale of 0-5, with 0 being a healthy plant, 1 for chlorosis and/or anthocyanin production, 2 for small leaf galls, 3 for small leaf and stem galls, 4 for large galls and 5 for a dead plant. Plant ratings were recorded for each plant after 7, 14 and 21 days p.i., and the ratings for each strain were averaged to get a measure per strain. Three independent infections of at least approximately 29 plants per strain were performed and analysed.
RNA isolation and expression analysis. RNA isolation from U. maydis cells was carried out using the TRIzol reagent protocol from Invitrogen with some modifications. U. maydis cells were grown on agar plates of appropriate medium for 2 days. The cells were scraped off the plate and homogenized with a mortar and pestle in liquid nitrogen. Approximately 100 mg of homogenized cells and 1 ml TRIzol reagent were used for RNA extraction steps. RNA samples were treated with RNase-free DNase I (Takara) before carrying out RT-PCR. RT-PCR was carried out with the RETROscript kit (Ambion).
Statistical analysis. To analyse charcoal plate mating assays a mixed model was used to estimate contrasts between mean values of intensities of the 'fuzz' reaction among all compatible mating pairs. The P values were assigned significance based upon the following cut off values: * P¡0.05, **P¡0.005, ***P¡0.0005. Statistical analysis of the disease index measures were performed using a Kruskal-Wallis post-hoc test in the R statistical package (http://www.r-project.org/).
RESULTS

Heterologous expression of U. maydis PDEs in other fungi
UmPde1 and UmPde2 demonstrate varying degrees of amino acid identity/similarity with the corresponding enzymes from the basidiomycete Cryptococcus neoformans Table 2 . Primers used in the study
and the ascomycete S. cerevisiae, with higher levels of identity/similarity in predicted catalytic domains (Agarwal et al., 2010) . Thus, to determine whether the U. maydis orthologues share functional homology, the full-length umpde1 and umpde2 sequences were used to perform complementation assays in Cryptococcus neoformans. Wildtype Cryptococcus neoformans strain KN99a produces a capsule under low-iron conditions; however, a strain with a deletion of GPA1, YSB83 (Dgpa1), does not produce capsule under such conditions. In contrast, JKH173, a double deletion strain (Dgpa1 Dpde1), produces a capsule under similar conditions (Hicks et al., 2005) . The U. maydis genes were amplified and then subcloned into the pXL1-new expression vector for Cryptococcus neoformans. This construct was used to transform JKH173 (Dgpa1 Dpde1). Two independent transformations for each construct were performed, and colonies were screened for genome integration of umpde1 and umpde2. At least four independently transformed recombinant clones for each gene were analysed further. Heterologous expression of U. maydis genes was confirmed by RT-PCR for each transformant (see Fig. S1 , available with the online version of this paper). Under iron-limiting conditions, the umpde1 gene from U. maydis was able to complement the Cryptococcus neoformans double deletion strain, essentially reverting the capsule phenotype to that of the Dgpa1 mutant (Fig. 1) . On the other hand, umpde2 was not able to revert this phenotype, indicating that umpde2 from U. maydis was not able to complement the PDE1 of Cryptococcus neoformans (Fig. 1) .
The S. cerevisiae pde1pde2 double deletion strain J106 was also used for complementation analysis. The pLEJ009 vector was used and expression of the U. maydis genes was driven by the P GAL1 promoter. The double deletion strain J106 exhibits a heat-shock defect and is not able to grow after 20 min of heat shock at 55 u C. Lines transformed with a umpde1 or umpde2 expression construct or the vectoronly control lines were unable to grow after 20 min of heat shock (55 u C) on YP plus galactose plates (Fig. 2) .
U. maydis Dumpde1 strains display multiple budding morphology cAMP plays an important role during morphogenesis in the maize smut fungus, as activation of the cAMP-PKA pathway leads to a budding phenotype, while an inactive pathway leads to a filamentous phenotype. The entire ORFs of both umpde1 and umpde2 were deleted, as was confirmed by RT-PCR analysis (Fig. S2 ) and Southern blotting (data not shown). The umpde1 deletion strains showed multiple budding phenotypes similar to those exhibited by ubc1 deletion strain (Fig. 3a) . However, only 8-10 % of cells showed this phenotype (in the 1/2 strain background, 8.43±2.99; in the 2/9 strain background, 8.7±2.36; see Table S1 ). The umpde2 deletion strains did not show any obvious differences in colony or cellular morphologies compared to the wild-type strains on rich media. However, double deletion mutants in which both genes were deleted showed a similar proportion of cells undergoing multiple budding (9.87±1.15; see Table S1 ) to the umpde1 deletion strains. This further suggests that umpde2 deletion does not significantly contribute to the multiple budding phenotype.
Filamentation on low-ammonium media
Wild-type U. maydis cells produce filamentous cells when starved for ammonium (Smith et al., 2003) . When grown on SLAD low-ammonium agar, wild-type strain 2/9 produced colonies with extensive filamentation, while umpde2 deletion strains showed reduced filamentation. This phenotype was shared with ubc1 deletion strains (Fig.  3b) , although the degree of reduction was not as great as that for the ubc1 mutant. In contrast, though somewhat reduced compared to wild-type, umpde1 deletion strains produced a filamentous phenotype (Fig. 3b) . Double deletion strains also lacked extensive filament formation (Fig. 3b) . Further, overexpression of either umpde1 or umpde2 from a plasmid resulted in an earlier production of extensive filaments on SLAD relative to wild-type (i.e. at 72 h rather than 96-120 h; Fig. 3b , bottom-right panels).
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Fig. 1. UmPde1 shows functional complementation of Cryptococcus neoformans Pde1. The umpde1 and umpde2 alleles were inserted into the Dgpa1Dpde1 background strain of Cryptococcus neoformans. The strains were then compared with the wild-type (KN99a), Dgpa1 and Dgpa1Dpde1 mutant strains of Cryptococcus neoformans for capsule production.
IP: 54.70.40.11
On: Sat, 19 Jan 2019 00:24:59
UmPde1 and UmPde2 affect mating and are involved in virulence
Mating assays were performed on charcoal plates. Cells in exponential growth phase were mixed, spotted onto charcoal plates and assessed for the 'fuzz' phenotype of white aerial hyphae against the black charcoal background of the plates at 25 u C. Deletion strains for umpde1 and umpde2 showed subtle decreases in mating efficiency when compared to wild-type ( Fig. 4a, b; Fig. S3a, b) . Double deletion mutants, Dumpde1 Dumpde2, also showed a reduction in mating in comparison to wild-type (Figs 4c and S3c). Consistent with having a role in mating, the reciprocal Wild type strain (MLY61a/α) Fig. 2 . U. maydis UmPde1 does not complement the heat-shock defect of an S. cerevisiae PDE double deletion mutant. The double deletion strain J106 (Dpde1Dpde2) of S. cerevisiae was used for complementation analysis. A P GAL1 promotercontrolled umpde1 gene cassette was inserted into vector pLEJ009 and the construct was then introduced into strain J106. A similar construct was developed for the umpde2 gene cassette Transformants with vector only and transformants with the expression constructs were treated at permissive growth temperature (25 6C) and heat-shock temperature (55 6C) as described in Methods. The wild-type strain MLY61a/a recovers from heat shock, whereas the J106 strain fails to grow after treatment at the non-permissive temperature for 20 min. The umpde1 and umpde2 expression constructs both failed to complement the growth defect of J106.
experiments with overexpression strains of umpde1 and umpde2 also showed a subtle decrease in mating efficiency in comparison to wild-type (Figs 4d, e and S3d, e). In all cases except the umpde2 deletion, the differences in mating efficiencies for the respective mutants were statistically significant compared to the corresponding wild-type strains.
In order to determine whether the reductions in mating efficiencies seen above were due to reduced secretion of pheromone, wild-type and mutant strains were mated with the tester strains FBD11-7 and FBD12-17 (Brachmann et al., 2004) , which fail to produce the fuzz reaction on charcoal media unless the strain with which they are mated secretes the necessary pheromone. The wild-type strains, 1/2 and 2/9, produce the fuzz reaction with FBD12-17 and FBD11-7, respectively. The umpde1 mutants produced less fuzz intensity than the corresponding wild-type progenitor mated with the same tester (see Fig. S4 ), indicating secretion of less pheromone. This apparent reduction in pheromone secretion was not observed for the umpde2 mutants (Fig. S4 ).
Pathogenicity assays in maize seedlings were carried out using U. maydis PDE deletion strains. Plants were infected either with wild-type or with compatible mating partners deleted for one or both PDE genes. As an added comparison, plants were also infected with only one of the mating partners deleted for a PDE.
The umpde1 deletion strains were significantly reduced in virulence compared to the wild-type (P value ,0.01) or the mutant complemented with a wild-type copy of the umpde1 gene (Fig. 5 , Tables S2 and S3 ). However, umpde2 deletion strains showed a reduction which was not significant when compared to wild-type (Fig. 5 , Table  S2 ). When only one of the mating partners had the umpde1 gene deleted it showed a reduction of virulence which was not statistically different from wild-type (Fig. 5 , Table S2 ). Double deletion mutants, Dumpde1 Dumpde2, were also examined and were found to be reduced in virulence, which was statistically different from wild-type (Fig. 6) . Thus, deletion of either umpde1 or umpde2 reduced virulence on maize, although this reduction was only statistically significant for the umpde1 deletion.
DISCUSSION
Signalling pathways such as the cAMP-dependent PKA pathway are known to regulate mating and pathogenicity in U. maydis (Gold et al., 1994) . Furthermore, the activity of PKA regulates pseudohyphal transition from the budding to the filamentous form under low-ammonium conditions in U. maydis as well as several other fungi, including S. cerevisiae (Pan & Heitman, 1999; Zaragoza & Gancedo, 2000) . Thus, cAMP is an important second messenger, and cAMP-PDEs regulate cAMP levels by hydrolysing cAMP and thus alter the regulatory effect of this central signalling molecule. In this study, we have studied the action of two confirmed cAMP-PDEs from U. maydis in the context of the cAMP-PKA pathway. Like other PDEs, UmPde1 and UmPde2 are believed to function in the cAMP-dependent PKA pathway in U. maydis (Agarwal et al., 2010) . The functions of these PDEs were characterized in several respects including pathogenicity, mating and response to low-ammonium conditions.
The cAMP-dependent PKA pathway is used to control an important regulatory switch that is required for conversion The umpde1 deletion strains showed a multiple budding phenotype in rich medium, as do ubc1 deletion strains. However, only 8-10 % of cells in a field showed this phenotype. Deletion of umpde2 resulted in no observable difference in cell morphology compared to wild-type. Bars, 10 mm, except Dumpde1, for which 20 mm. (b) U. maydis wild-type cells show a filamentous phenotype after 5 days on low-ammonium medium. The ubc1 deletion strain does not show a filamentous response under such conditions due to constitutively active PKA. Similarly, umpde2 deletion strains show a reduced filamentous response. In contrast, umpde1 deletion strains display a filamentous morphology more similar to wild-type. Cells where either umpde1 or umpde2 is constitutively overexpressed from the glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter show hyper-filamentation that is observed by 3-4 days on SLAD. Bars, 50 mm.
between budding and filamentous growth. In S. cerevisiae, this switch is triggered by nitrogen limitation and is stimulated by cAMP, as mutants with an active PKA pathway in yeast display filamentous morphology. In contrast, U. maydis mutants that lead to a constitutively active PKA pathway display a multiple budding phenotype (Gold et al., 1997) . Consistent with this, disruption of the umpde1 gene in haploid cells showed a multiple budding phenotype. However, only a certain percentage of cells showed this phenomenon, possibly because cAMP levels are also regulated by other PDE homologues present in U. maydis. Agarwal et al. (2010) identified, in addition to umpde1 and umpde2, four more putative ORFs (um04961, um12014/um00004, um00989 and um12190/um02441) with InterPro domains (IPR002073, IPR004129, IPR010347, and IPR0012386 plus IPR009097, respectively), suggesting that they could encode phosphodiesterases. As yet, these additional putative PDEs remain uncharacterized. However, the lack of penetrance for the multiple budding phenotype of the umpde1 mutant may indicate that distinct PDE isoforms are capable of regulating specific subcellular pools of cAMP or may have differential effects depending on the levels of cAMP present, as is seen for high-or low-affinity cyclic PDEs of S. cerevisiae.
A number of reports in other fungi and in trypanosomes suggest that compartmentalization of PDEs facilitates the division of labour when regulating the pools of cAMP for specific purposes (Smith & Scott, 2006; Alonso et al., 2006; Halpin, 2008; Hu et al., 2010; Ramanujam & Naqvi, 2010) . In S. cerevisiae, Pde2 localization depends on growth conditions and the activity levels of PKA: Pde2 accumulates in the nucleus when wild-type cells grow on glucose or when PKA is hyperactivated, whereas its distribution is spread over the cytoplasm and nucleus when cells are derepressed or PKA activity is severely reduced (Hu et al., 2010) . Similarly, the high-affinity PDE of M. oryzae, PdeH, though cytosolic, is dynamically associated with the plasma membrane and vesicular compartments (Ramanujam & Naqvi, 2010) . In contrast, the low-affinity PdeL is found predominantly in the nucleus. The interplay between these two differentially localized enzymes and their resulting respective roles in modulating cAMP levels were proposed to mirror the contributions of PdeH to pathogenicity and of PdeL to asexual growth (Zhang et al., 2011) . While we have not specifically localized the PDEs in U. maydis, we do have evidence about their respective cellular locations. U. maydis UmPde1 contains a predicted membrane-spanning domain at its N-terminal portion, suggesting its location in the membrane, with its catalytic domain facing into the cytoplasm (Agarwal et al. 2010) . Moreover, in order to express this protein for purification in E. coli, we needed to remove the localization domain from the version of the gene expressed there (Agarwal et al., 2010) . The truncated version retained its in vitro enzymic activity. However, when we examined the effects on function of expressing the umpde1 gene with this region deleted in U. maydis, we found that the truncated version was not able to fully complement the strain with the umpde1 deletion. In contrast, UmPde2 is a soluble protein and is presumably found in the cytosol (Agarwal et al., 2010) . Thus, here again, the different subcellular locations of the U. maydis PDEs likely complicate the overall picture with respect to phenotypes observed when one or the other is altered in expression level or eliminated completely, as with the deletion strains. . The umpde1 and umpde2 deletion strains are less virulent than wild-type U. maydis. All strains were rated at 21 days p.i. and represent three independent experiments. Plants were injected with one paired background: wild-type, Dumpde1, Dumpde2, or with mixed pair, wild-type with Dubc1, Dumpde1 with Dubc1 and wild-type with Dumpde1. The graph displays the percentage of plants with a specific symptom of infection. Dumpde1, Wild-type with Dubc1 and Dumpde1 with Dubc1 were significantly (P,0.05) reduced in pathogenicity in comparison to Wild-type alone (indicated by *). However, Dumpde2 strains showed a trend in reduction in virulence in all three replicates, although this difference was not statistically significant. In the right panel of the graph is displayed a separate experiment where pathogenicity was compared between infections using wildtype-compatible partners, Dumpde1-compatible mating partners, and partners where the Dumpde1 mutation was complemented via introduction of a functional copy under the control of the constitutive strong Otef promoter (Brachmann et al., 2004) . Both the wild-type and the complemented mutant had significantly (P,0.0005) higher disease indices compared to the Dumpde1mutant infections (indicated by ***).
U. maydis wild-type cells grow as elongated filaments under conditions of nitrogen deprivation. Under such conditions, cAMP levels are low, leading to inactive PKA, since Ubc1, the regulatory subunit, remains bound to and represses Adr1, the catalytic subunit of PKA. On the other hand, in S. cerevisiae under similar conditions, cAMP levels are high, and this leads to active PKA due to de-repression of the regulatory subunit (Bcy1) by cAMP binding (Pan & Heitman, 1999) . However, the phenotypic response to low nitrogen is the same in both organisms, i.e. pseudohyphal or filamentous growth. Deletion of Ubc1 results in hyperactive PKA in U. maydis and then subsequent budding growth. Likewise, deletion of PDEs should lead to increased cAMP levels, which would result in active PKA and thus a similar phenotype. This is demonstrated in the ubc1 deletion mutant, which showed budding growth (smooth colonies) under nitrogen-limiting conditions. Similarly, umpde2 deletion strains showed reduced filamentation under such conditions, but the umpde1 deletion strains retained a filamentous phenotype more comparable with that found in the wild-type. Additionally, either deletion or overexpression of the UmPdes led to reduction in mating efficiencies. All of these observations might be due to differences in the activity of each PDE under different conditions. Recognizing that cAMP turnover activity could be due to a combination of PDEs, we predict UmPde1 is high-affinity and UmPde2 is lowaffinity. In this model, the relative contribution to total PDE activity would shift away from UmPde1 to UmPde2 as cAMP concentration increases if we assume that UmPde1 reaches V max early and that the velocity of UmPde2 remains in a linear range over a broader range of cAMP concentrations.
Mutants in the cAMP-dependent PKA pathway are affected in pathogenicity and show decreased virulence in many fungi. In Cryptococcus neoformans, deletion mutants of PDEs, Dpde1 and/or Dpde2, show modest increases in expression of virulence factors, melanin and capsule formation, in response to stress conditions such as low iron (Hicks et al., 2005) . In M. oryzae, mutants deleted in both PDEs, PdeH and PdeL, along with higher cAMP levels (~10-fold) in comparison to wild-type, show reduced conidiation and are completely defective in virulence (Ramanujam & Naqvi, 2010) . In Schizosaccharomyces pombe, sporulation and mating are regulated via the cAMP-dependent pathway (Higuchi et al., 2002) . Also, in U. maydis, deletion mutants in the regulatory subunit of PKA, ubc1, are reduced in pathogenicity and do not produce galls (Gold et al., 1997) . Similarly, in this study, we found that mutants deleted in umpde1 and umpde2 were reduced in pathogenicity. This is consistent with the fact that mutants defective in the cAMP signal transduction pathway in this and other pathogenic fungi are affected in virulence (D'Souza & Heitman, 2001) . Deletion mutants of umpde1 were significantly less virulent than wild-type, while mutants deleted in umpde2 only showed a trend towards reduced virulence when compared to wild-type. Additionally, umpde1 and umpde2 deletion strains, as well as strains overexpressing either of these genes, showed a reduction in mating response on charcoal plates. This further indicates that the U. maydis cAMP-dependent PKA pathway affects mating and virulence in this fungus. These umpde1 and umpde2 deletion strains were able to produce tumours in maize plants; however, the rate of pathogenicity was significantly slower than wild-type (Table S2 ). Double deletion strains (i.e. Dumpde1 Dumpde2 mutants) showed a similar trend (Fig. 6) . However, the double deletion strains were not significantly more impaired in their pathogenicity than the umpde1 deletion strains, implying a minimal role, if any, for UmPde2 in pathogenicity.
The role of UmPde2 in regulating the production of cAMP is less apparent than that of UmPde1. UmPde2 has a predicted PDEase class II domain based on InterPro analysis (Hunter et al., 2009) , and via RT-PCR analysis we confirmed that a transcript for the gene is produced. Nevertheless, a deletion strain of umpde2 had only a modest decrease in mating efficiency and did not show a multiple budding phenotype. Though these mutants displayed a decrease in virulence, this difference was not statistically different compared to wild-type. In addition, UmPde2 was unable to complement the Pde1 deletion phenotype in Dpde1Dgpa1 double deletion strains of Cryptococcus neoformans. In contrast, UmPde1 successfully complemented the capsule phenotype of Pde1 in the Dpde1Dgpa1 strain of Cryptococcus neoformans, further confirming its role as a cAMP PDE. On the other hand, neither UmPde1 nor UmPde2 was able to complement the heat-shock defect of S. cerevisiae Pde deletion strains. This functional difference in complementation could be due to the fact that the former species, like U. maydis, is a basidiomycetous fungus, whereas S. cerevisiae is an ascomycete. In fact, UmPde1 showed about 35 % amino acid similarity to Cryptococcus neoformans Pde1. Such similarity was greatly reduced when comparing UmPde1 or UmPde2 with the corresponding enzymes from the ascomycete S. cerevisiae. Similarly, other heterologous PDEs were not able to complement this S. cerevisiae double mutant (Nikawa et al., 1987) .
To summarize, UmPde1 and UmPde2 are PDEs with apparent roles in the cAMP-dependent PKA pathway and thus are vital for proper pathogenicity and disease development in U. maydis. They also influence the switch from the budding to the filamentous form, and UmPde1 successfully complements Pde1 of Cryptococcus neoformans. The cAMP pathway is involved in the regulation of stress signalling as well, and future experiments can establish the relationship between stress signalling and cAMP levels in U. maydis. Thus, in addition to their roles in regulating pathogenicity, PDEs may contribute to other cellular responses mediated by cAMP signalling, and thus are very important for the interaction of this fungus with its environment.
